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Kupffer's vesicleFgf signaling plays essential roles in many developmental events. To investigate the roles of Fgf4 signaling in
zebraﬁsh development, we generated Fgf4 knockdown embryos by injection with Fgf4 antisense morpholino
oligonucleotides. Randomized LR patterning of visceral organs including the liver, pancreas, and heart was
observed in the knockdown embryos. Prominent expression of Fgf4 was observed in the posterior notochord
and Kupffer's vesicle region in the early stages of segmentation. Lefty1, lefty2, southpaw, and pitx2 are known
to play crucial roles in LR patterning of visceral organs. Fgf4 was essential for the expression of lefty1, which
is necessary for the asymmetric expression of southpaw and pitx2 in the lateral plate mesoderm, in the
posterior notochord, and the expression of lefty2 and lefty1 in the left cardiac ﬁeld. Fgf8 is also known to be
crucial for the formation of Kupffer's vesicle, which is needed for the LR patterning of visceral organs. In
contrast, Fgf4 was required for the formation of cilia in Kupffer's vesicle, indicating that the role of Fgf4 in the
LR patterning is quite distinct from that of Fgf8. The present ﬁndings indicate that Fgf4 plays a unique role in
the LR patterning of visceral organs in zebraﬁsh.Introduction
The vertebrate body plan is essential for morphogenesis during
early embryonic development and primarily involves three body axes:
anterior–posterior (AP), dorsal–ventral (DV), and left–right (LR). The
LR axis, which is derived from the AP and DV axes, is the last to be
established in mice (Brown et al., 1991). The molecular mechanism
involved in LR patterning has been investigated in several species,
including mice, chicken, frogs and ﬁsh (Levin, 1997; Beddington and
Robertson, 1999). The lateral plate mesoderm (LPM) is required for
the determination of LR patterning of the brain, heart and gut (Liang
et al., 2000; Long et al., 2003). For example, Nodal, Shh, Pitx2, and
Bmps, which are asymmetrically expressed in the LPM, play roles in LR
patterning (Levin, 2005). Lefty1 and Lefty2 also play crucial roles in LR
patterning (Hamada et al., 2001, 2002).
Fibroblast growth factors (Fgfs) make up a large family comprising
22 and 27 members in humans/mice and zebraﬁsh, respectively (Itoh
and Ornitz, 2004, 2008; Itoh and Konishi, 2007). Most Fgf genes have
been disrupted in mice, indicating that Fgf signaling plays crucial roles
in various developmental processes (Itoh and Ornitz, 2008). Fgf4 plays
crucial roles in limb bud initiation and outgrowth (Boulet et al., 2004;toh).
l rights reserved.Lu et al., 2006). In addition, Fgf4 is required for tooth development
(Jackman et al., 2004) and the establishment of gut tube domains
(Dessimoz et al., 2006). Fgf4 also regulates neural progenitor cell
proliferation and neuronal differentiation in cultured neural cells
(Kosaka et al., 2006). These results indicate that Fgf4 plays crucial
roles in development. However, as Fgf4 knockout mice die in the early
stages of gastrulation (Feldman et al., 1995), the roles of Fgf4 in
development in vivo still remain mostly unclear.
The zebraﬁsh is a useful vertebrate model for studying physio-
logical functions in vivo. To investigate the requirement for Fgf4
signaling in zebraﬁsh development, we generated Fgf4 knockdown
embryos by injection with Fgf4 antisense morpholino oligonucleo-
tides. The phenotype showed randomized LR patterning of visceral
organs including the liver, pancreas, and heart. Lefty1, lefty2,
southpaw, and pitx2 are known to play crucial roles in LR patterning
of visceral organs (Ryan et al., 1998; Hamada et al., 2001, 2002; Long
et al., 2003; Ahmad et al., 2004). Fgf4 was essential for the
expression of lefty1 in the posterior notochord and the expression
of lefty2 and lefty1 in the left cardiac ﬁeld. However, the role of Fgf4
is distinct from that of Fgf8, which is also required for the LR
patterning of visceral organs (Albertson and Yelick, 2005). In
addition, no apparent interaction between Fgf4 and Fgf8 signaling
was observed in the establishment of LR asymmetry. In the present
paper, we report the role of Fgf4 signaling in LR patterning of
visceral organs in zebraﬁsh.
178 H. Yamauchi et al. / Developmental Biology 332 (2009) 177–185Materials and methods
Fish maintenance
Zebraﬁsh (Danio rerio) were maintained as described (Westerﬁeld,
2000). Embryos were obtained by natural spawning and cultured at
28.5 °C in Zebraﬁsh Ringer's solution. The developmental stages of
embryos were determined according morphological criteria (Kimmel
et al., 1995).
Whole mount in situ hybridization
Digoxigenin-labeled RNA probes were synthesized by in vitro
transcription using T7 or SP6 RNA polymerase. An Fgf4 probe was
synthesized using a full-length cDNA-containing plasmid. Other
probes used were zebraﬁsh foxa3 (Odenthal and Nüsslein-Volhard,
1998), ceruloplasmin (Korzh et al., 2001), pdx1 (Milewski et al., 1998),
cmlc2 (Huang et al., 2003), southpaw (Long et al., 2003), pitx2 (Essner
et al., 2000), lefty1 (Bisgrove et al., 1999), lefty2 (Bisgrove et al., 1999),
lrdr1 (Essner et al., 2002), and Fgf8 (Reifers et al., 1998). Whole mount
in situ hybridization was performed as previously described (Koshida
et al., 1998).
Morpholino injection
Antisense morpholino oligonucleotides (MOs) were synthesized
by Gene-Tools, LLC (Corvallis, OR). The sequences of the MOs used are
as follows: Fgf4 MO1, 5′-TTTCATACTCACAGATCCGTAAAGC-3′; Fgf4
MO2, 5′-GCTACCGTTTTTCTCTATGCTTGAG-3′; and standard control
MO, 5′-CCTCTTACCTCAGTTACAATTTATA-3′. Fgf8 MO (5′-GAGTCTCA-
TGTTTATAGCCTCAGTA-3′) was reported previously (Maroon et al.,
2002). MOs were diluted in Danieau buffer (Nasevicius and Ekker,
2000). Fgf4 MO1 (35 μg/ml) and standard control (35 μg/ml) were
injected at a volume of 1.2–1.3 nl into one-cell embryos or two cells of
two-cell embryos. Fgf4 MO2 (14 μg/ml) was injected at a volume of
0.7–0.8 nl into one- to two-cell embryos. Fgf8 MO (10 μg/μl) was
injected at a volume of 0.3–0.5 nl into one- to two-cell embryos. To
examine MO's efﬁcacy, RNAwas isolated fromwild-type or Fgf4MO1-
injected embryos. cDNA was ampliﬁed from the RNA by reverse
transcription-polymerase chain reaction (RT-PCR) using the following
primers (5′primer/3′primer): Fgf4, 5′-AGAAGGATGAGTGTCCAGTC-3′/
5′-GACCTCAAATTCTAGGCAAGA-3′ (586-bp fragment) and elongation
factor 1-α (ef1α), 5′-ACCCTGGGAGTGAAACAGC-3′/5′-TTGCAGGCGA-
TGTGAGCAG-3′ (689-bp fragment). The ampliﬁed cDNA was analyzed
by 1.2% agarose gel electrophoresis. After electrophoresis, the gel was
stained with ethidium bromide.
Rescue experiments
Capped zebraﬁsh Fgf4 and Fgf8 sense mRNA were prepared with
the mMESSAGE mMACHINE kit (Ambion) according to the manu-
facturer's protocol from linearized pCS2+ plasmids containing the
entire coding region of zebraﬁsh Fgf4 and Fgf8 cDNA. To perform
rescue experiments, Fgf4 sense mRNA (5 pg) was injected separately,
immediately after the injection of Fgf4 MO1 (45 ng) into two-cell
embryos. To examine the interaction of Fgf4 and Fgf8, Fgf4 sense
mRNA (5 or 2.5 pg) and Fgf8 MO (4 ng) or Fgf8 sense mRNA (0.5 or
0.25 pg) and Fgf4 MO1 (45 ng) were injected into two-cell embryos.
Immunoﬂuorescence
Whole mount immunoﬂuorescence was performed as described
previously (Bisgrove et al., 2005). Primary and secondary antibodies
used were monoclonal anti-acetylated α-tubulin (1:400; Sigma) and
Alexa 488-conjugated anti-mouse IgG antibody (1:500; Molecular
Probes), respectively. Embryos were imaged on a Zeiss laser scanningmicroscope, LSM5 PASCAL, and the length of cilia in Kupffer's vesicle
was determined using LSM Image Browser.
Statistical analysis
Data are expressed as the means±SEM. The statistical signiﬁcance
of differences in mean values was assessed with Student's t-test.
Results
Inhibition of Fgf4 functions in zebraﬁsh embryos
The injection of antisense MOs can block the corresponding gene
functions in zebraﬁsh embryos (Nasevicius and Ekker, 2000; Maroon
et al., 2002). To inhibit Fgf4 functions in zebraﬁsh embryos, we
injected a splice-site targeted Fgf4 MO (Fgf4 MO1) into two-cell
embryos. The sequence of Fgf4 MO1 corresponds to that between the
second exon and intron of the coding region (Fig. 1A). We examined
whether Fgf4 MO1 could efﬁciently inhibit the splicing of the Fgf4
mRNA precursor in zebraﬁsh embryos. RNA was isolated from wild-
type, control MO-injected (45 ng) and Fgf4 MO1-injected (45 ng)
embryos. The entire coding region of Fgf4 cDNA was ampliﬁed from
the RNA by RT-PCR using the P1 and P3 primers (Fig. 1A). The
expression of mature Fgf4mRNA (586 bp) was signiﬁcantly decreased
in Fgf4 MO1-injected embryos but not control MO-injected embryos
(Fig. 1B). In addition, the expression of unspliced Fgf4 mRNA
(1206 bp) was weakly detected in Fgf4 MO1-injected embryos but
not wild-type and control MO-injected embryos. These results
indicate that Fgf4 MO1 inhibited the splicing of the Fgf4 mRNA
precursor. Control MO-injected embryos at 60 hpf developed almost
normally (97.2%, n=37) (Figs. 1Ca, b). In contrast, when 45 ng of Fgf4
MO1 was injected into two-cell embryos, Fgf4MO1-injected embryos
developed abnormally, showing bent trunks, pericardial edema and
cerebral atrophy (67.1%, n=73) (Fig. 1Cc). Injection of 40 ng of Fgf4
MO1 resulted in essentially no apparent effects (87.5%, n=40) (data
not shown), whereas injection of 50 ng of Fgf4MO1 resulted in death
until 48 hpf (65.2%, n=69).
Fgf4 knockdown embryos exhibit defects in liver and pancreas asymmetry
To investigate the requirement for Fgf4 signaling during the
development of visceral organs in zebraﬁsh, we analyzed Fgf4 MO1-
injected embryos 60 hpf by whole mount in situ hybridization with a
probe for foxa3, a marker gene for endoderm (Odenthal and
Nüsslein-Volhard, 1998). The expression of foxa3 showed that the
liver and pancreas were positioned to the left and right of the midline
in wild-type embryos, respectively, (94.1%, n=34) as described
(Field et al., 2003) (Fig. 2Aa). Control MO-injected embryos showed a
similar LR asymmetry of the liver and pancreas (93.8%, n=32)
(Fig. 2Ab). In contrast, the positions of these organs were randomized
in Fgf4 MO1-injected embryos (normal (61.3%, n=31); reversed
(38.7%, n=31)) (Fig. 2Ac). We also examined the expression of
ceruloplasmin and pdx1, marker genes for the liver and pancreas,
respectively (Korzh et al., 2001; Milewski et al., 1998). Their
expression conﬁrmed randomized positioning of the liver and
pancreas (liver, normal (60%, n=30); reversed (40%, n=30):
pancreas, normal (63.3%, n=30); reversed (36.7%, n=30)) (Figs.
2Ba–d). We also used another Fgf4 MO encompassing the transla-
tion-initiation site (Fgf4 MO2) (Fig. 1A). The expression of foxa3
showed randomized positioning in Fgf4 MO2-injected embryos
(normal (56.7%, n=30); reversed (43.3%, n=30)) similar to that in
Fgf4 MO1-injected embryos (Fig. 2Ad). These results indicate that
Fgf4 is essential for LR patterning of the liver and pancreas; however,
Fgf4 MO2-injected embryos showed a more severe phenotype than
Fgf4 MO1-injected embryos (Figs. 2Ac, d). To address the differences,
the temporal expression proﬁle of Fgf4 in early developmental stages,
Fig. 1. Inhibition of Fgf4 functions in zebraﬁsh embryos. (A) The coding region of
zebraﬁsh Fgf4 is divided by two introns. Open boxes and black lines indicate exons and
introns, respectively. MO1 and MO2 indicate the target positions of Fgf4MO1 and MO2,
respectively. P1 and P3 indicate sites of P1 and P3 primers. (B) Zebraﬁsh two-cell
embryos were injected with Fgf4MO1 (∼45 ng). The entire coding region of Fgf4 cDNA
was ampliﬁed from wild-type or Fgf4 MO1-injected embryonic cDNA by RT-PCR using
P1 and P3 primers. Arrowheads (586 bp and 1206 bp) indicate mature and unspliced
Fgf4 cDNAs, respectively. Elongation factor 1-alpha (ef1α) cDNA was also ampliﬁed as a
control. The cDNAs were analyzed by 1.2% agarose gel electrophoresis. After
electrophoresis, the gel was stained with ethidium bromide. (C) Two-cell embryos
were injected with standard control MO and Fgf4 MO1 (∼45 ng). Lateral views of the
embryos at 60 hpf are shown. Control MO-injected embryos (97.2%, n=36) (b) as well
as the wild-type embryos (a) developed well. In contrast, Fgf4 MO-injected embryos
showed bent trunks, pericardial edema and cerebral atrophy (67.1%, n=73) (c). A scale
bar=500 μm.
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which was not expressed maternally (Miyake et al., 2005), was also
examined as a negative control. In contrast to Fgf19, Fgf4 was
expressed maternally. Fgf4 expression was also detectable in embryos
at the 128-cell stage (2.25 hpf) by whole mount in situ hybridization
(Fig. 3Ba). These results might explain the differences.
To examine whether Fgf4 mRNA could rescue the phenotype of
Fgf4 MO1-injected embryos, we prepared capped zebraﬁsh Fgf4
mRNA. By injection of Fgf4 mRNA (5 pg), the defects in liver and
pancreas asymmetry in Fgf4 MO1-injected (45 ng) embryos weresigniﬁcantly rescued (normal (80.6%, n=31)); reversed (19.4%,
n=31)) (Fig. 2Ae). These results also indicate that Fgf4 is essential
for LR patterning of the liver and pancreas.
Fgf4 is required for ciliary formation in Kupffer's vesicle
Kupffer's vesicle, the zebraﬁsh equivalent of the mouse node, is
required for the establishment of LR patterning (Essner et al., 2002).
Ciliary ﬂow by motile cilia in Kupffer's vesicle is required for the
establishment of LR patterning in zebraﬁsh (Essner et al., 2005;
Kramer-Zucker et al., 2005; Okada et al., 2005; Schottenfeld et al.,
2007). To examine the role of Fgf4 signaling in LR patterning, we
examined the expression of Fgf4 in embryos at an early segmentation
stage (12 hpf) by whole mount in situ hybridization. Fgf4 was
predominantly expressed in the posterior notochord and Kupffer's
vesicle (Figs. 3Bb, c). We also examined the expression of lrdrI, a
marker gene for Kupffer's vesicle (Essner et al., 2005). The expression
of lrdrI conﬁrmed the predominant expression of Fgf4 in the region of
Kupffer's vesicle (Figs. 3Bd, e). These results indicate potential roles of
Fgf4 in Kupffer's vesicle for LR patterning. To clarify how Fgf4
functions in LR patterning of the visceral organs and heart, Fgf4
MO1 was injected into the yolk at midblastula stages, which enables
the targeting of MO speciﬁcally to dorsal forerunner cells (Amack and
Yost, 2004; Bisgrove et al., 2005). The LR asymmetry of the visceral
organs and heart was unchanged in embryos, which were injected
with Fgf4 MO1 (45 ng or 60 ng) into the yolk at midblastula stages
(100%, n=20 or 100%, n=30, data not shown), respectively,
indicating that Fgf4 in Kupffer's vesicle alone could not inﬂuence LR
patterning. We also examined the expression of Fgf4 in embryos at 24
and 48 hpf. The expression of Fgf4 was detected in the midbrain–
hindbrain boundary (MHB), pharyngeal arch and tail bud at 24 hpf
(Fig. 3Bf). At 48 hpf, the expressionwas detected in MHB, ﬁn buds and
somites (Fig. 3Bg).
We examined the role of Fgf4 in the formation of Kupffer's vesicle
by analyzing Fgf4 MO1-injected embryos. The vesicle was morpho-
logically normal in Fgf4 MO1-injected embryos at 12 hpf (100%,
n=32) (Figs. 4a, b). We also examined the expression of lrdr1, which
is essential for the function of cilia in Kupffer's vesicle (Essner et al.,
2005). The expression of lrdr1 was unaffected in Fgf4 MO1-injected
embryos at 10 hpf (93.3%, n=30) (Figs. 4c, d). Cilia exist on the cells
in Kupffer's vesicle. To examine whether cilia are affected in Fgf4
MO1-injected embryos, we detected acetylated tubulin, a marker
protein for cilia, by immunohistochemistry using an anti-acetylated
tubulin antibody. The size of Kupffer's vesicle and the number of cilia
of Kupffer's vesicle in Fgf4MO-injected embryoswere not signiﬁcantly
affected (100%, n=30) (Figs. 4e, f); however, the average length of
cilia of Kupffer's vesicle in Fgf4MO-injected embryos (3.27±1.06 μm,
n=204) was signiﬁcantly shorter than that in wild-type embryos
(4.41.±0.91 μm, n=214) (Pb0.001) (Figs. 4e, f). These results
indicate that Fgf4 is required for the formation of cilia in Kupffer's
vesicle.
Fgf4 is required for lefty1 expression in the notochord followed by
asymmetric gene expression in the lateral plate mesoderm
Nodal and Lefty are members of the transforming growth factor-β
(TGF-β) family of secreted proteins and play a central role in LR
patterning during development. Both Nodal and Lefty are crucial for
robust LR patterning (Nakamura et al., 2006). Southpaw is the nodal-
related protein in zebraﬁsh. During late segmental stages in zebraﬁsh,
the expression of southpaw is restricted to the left lateral plate
mesoderm (LPM), and followed by the positioning of visceral organs
(Long et al., 2003; Ahmad et al., 2004). To examine the role of Fgf4 in
LR patterning, we examined the expression of these genes in Fgf4
MO1-injected embryos. The expression of southpaw, which was
expanded anterior-laterally, was detected in the left LPM in wild-
180 H. Yamauchi et al. / Developmental Biology 332 (2009) 177–185type embryos at 20 hpf (93.8%, n=32) (Fig. 5a). In contrast, the
expanded expression of southpaw was randomized (normal (33.3%,
n=30); reverse (23.3%, n=30); bilateral (43.3%, n=30)) (Figs. 5b–d).
Pitx2, the gene for the bicoid-related homeodomain transcription
factor, is expressed asymmetrically in the LPM as a downstream target
of southpaw and functions as a determinant of the LR asymmetry ofvisceral organs in vertebrates (Ryan et al., 1998; Long et al., 2003;
Ahmad et al., 2004). Inwild-type embryos, the expression of pitx2was
detected in the left LPM at 20 hpf (90%, n=30) (Fig. 5e). On the other
hand, the expression of pitx2 was randomized in Fgf4 MO1-injected
embryos (normal (36.7%, n=30); reverse (23.3%, n=30), bilateral
(20%, n=30); absence (20%, n=30)) (Figs. 5f–i).
Fig. 3. The expression of Fgf4 in zebraﬁsh. (A) The expression of Fgf4 in embryos at 0–4 hpf was examined by RT-PCR. The expression of Fgf19 and ef1αwas also examined as negative
and positive controls, respectively. Fgf4was expressedmaternally. (B) The expression of Fgf4 in embryos at an early blastula stage, the128-cell stage, was examined bywholemount in
situ hybridization (a). The expression of Fgf4 and lrdr1, amarker gene for Kupffer's vesicle, in embryos at an early stage of segmentation (12 hpf) was also examined bywholemount in
situ hybridization. Fgf4was predominantly expressed in the posterior notochord and Kupffer's vesicle and its peripheral region. Arrows indicate Kupffer's vesicle (b–e). Fgf4was also
expressed in the MHB, pharyngeal arch and tail bud at 24 hpf (f) and in the MHB, ﬁn buds and somites at 48 hpf (g). Lateral views (b, d, f, g); dorsal views (c, e). Scale bars=200 μm.
181H. Yamauchi et al. / Developmental Biology 332 (2009) 177–185During early segmental stages, the expression of lefty1was detected
in the notochord (Bisgrove et al.,1999; Long et al., 2003). Lefty1 acts as a
midline barrier to prevent the diffusion of a molecule that regulatesFig. 2. The effect of Fgf4 knockdown on left–right patterning. (A) The expression of foxa3, a m
digoxigenin-labeled antisense foxa3 cRNA probe. The expression of foxa3 showed that the
embryos, respectively at 60 hpf (94.1%, n=34) (a). Control MO-injected embryos also show
positions of these organs were randomized in Fgf4 MO1-injected embryos (normal (61
randomized positioning in Fgf4 MO2-injected embryos (normal (56.7%, n=30); reversed (4
MO1-injected embryos (80.6%, n=31) (e). The injection of both Fgf4 MO1 and Fgf8 MO also
the liver and pancreas, respectively. A scale bar=200 μm. (B) The expression of ceruloplasm
was examined. Their expression conﬁrmed randomized positioning of the liver and pan
n=30); reversed (36.7%, n=30)) in Fgf4 MO1-injected embryos (a–d). Arrows and arro
expression of cmlc2, a marker gene for the heart, in embryos at 48 hpf was examined. Afte
rightward bending of the ventricle (D-looping) in wild-type embryos (a). In contrast, Fg
reversed looping (L-looping) (47.4%, n=78); no looping (14.1%, n=78)) (b–d). Fgf4 MO
reversed looping (L-looping) (50%, n=38); no looping (15.8%, n=38)) (e–g). Arrows andasymmetric gene expression in the LPM (Hamada et al., 2001). Early
lefty1 expression in the notochord precedes southpaw expression in
the LPM (Chocron et al., 2007).We examined the expression of lefty1 inarker gene for endoderm, was examined by whole mount in situ hybridization using a
liver and pancreas were positioned to the left and right of the midline in wild-type
ed similar LR patterning of the liver and pancreas (93.8%, n=32) (b). In contrast, the
.3%, n=31); reversed (38.7%, n=31)) (c). The expression of foxa3 showed similar
3.3%, n=30)) (d). The injection of Fgf4 mRNA signiﬁcantly rescued the defects in Fgf4
revealed randomized positioning (58.1%, n=31) (f). Arrows and arrowheads indicate
in and pdx1, marker genes for the liver and pancreas, respectively, in embryos at 48 hpf
creas (liver, normal (60%, n=30); reversed (40%, n=30): pancreas, normal (63.3%,
wheads indicate the liver and pancreas, respectively. A scale bar=200 μm. (C) The
r the heart tube has formed, leftward movement of the heart (jogging) is followed by
f4 MO1-injected embryos exhibited randomized looping (D-looping (38.5%, n=78);
2-injected embryos also exhibited randomized looping (D-looping (34.2%, n=38);
arrowheads indicate the ventricle and atrium, respectively. A scale bar=200 μm.
Fig. 4. The formation of Kupffer's vesicle in Fgf4 knockdown embryos. Kupffer's vesicle in Fgf4 MO1-injected embryos at 12 hpf was morphologically normal (100%, n=32) (a, b). The
expression of lrdr1, which is essential for cilia to function in Kupffer's vesicle, was examined by whole mount in situ hybridization. The expressionwas also unaffected in Fgf4MO1-injected
embryos at 10hpf (93.3%,n=30) (c,d). (a–d)Dorsal viewsof the tail bud.A scalebar=200 μm.Cilia existon the cells inKupffer's vesicle. Theexpressionof acetylated tubulin, amarkerprotein
for cilia, was examined by immunohistochemistry using an anti-acetylated tubulin antibody. The size of Kupffer's vesicle and the number of cilia of Kupffer's vesicle in Fgf4 MO-injected
embryoswerenot signiﬁcantly affected (100%,n=30); however, the average lengthof ciliaof Kupffer's vesicle inFgf4MO-injected embryos (3.27±1.06 μm,n=204)was signiﬁcantly shorter
than that in wild-type embryos (4.41.±0.91 μm, n=214) (e, f). These results indicate that Fgf4 is not essential for the morphology and function of Kupffer's vesicle. A scale bar=20 μm.
182 H. Yamauchi et al. / Developmental Biology 332 (2009) 177–185Fgf4MO1-injected embryos. Although lefty1 expressionwas detected in
the posterior notochord of wild-type embryos (100%, n=33), it was not
detected in Fgf4 MO1-injected embryos (81.2%, n=32) (Figs. 5j, k).
These results indicate that Fgf4 is essential for the expression of lefty1
that regulates the asymmetric expression of southpaw in the LPM.
Fgf4 knockdown embryos exhibit defects in heart asymmetry
We also examined laterality of the heart in Fgf4 MO1-injected
embryos. To examine the requirement for Fgf4 signaling during the
establishmentof LRpatterningof the heart,we examined theexpression
of cmlc2, a marker gene for the heart (Huang et al., 2003), in Fgf4MO1-
injected embryos. After the heart tube forms, the leftwardmovement of
the heart (jogging) is followed by the rightward bendingof the ventricle
(D-looping) in wild-type embryos (Chen et al., 1997) (98.1%, n=160)
(Fig. 2Ca). In contrast, Fgf4 MO1-injected embryos exhibited rando-
mized looping (D-looping (38.5%, n=78); reversed looping (L-looping)
(47.4%, n=78); no looping (14.1%, n=78)) (Figs. 2Cb–d). Fgf4 MO2-
injected embryos also exhibited similar randomized looping (D-looping
(34.2%, n=38); reversed looping (L-looping) (50%, n=38); no looping
(15.8%, n=38)) (Figs. 2Ce–g). In addition, defects in heat asymmetry in
Fgf4MO1-injected embryos were also signiﬁcantly rescued by injection
of Fgf4mRNA (D-looping (76.4%, n=34); L-looping (17.7%, n=34); no
looping (5.9%, n=34) (data not shown). These results indicate that Fgf4
is also essential for LR patterning of the heart.
Although Fgf4was abundantly expressed in the posterior notochord
and the Kupffer's vesicle region as described above, it could not be
detected in the cardiac region (data not shown). Lefty1 and lefty2
expressed in the left cardiacﬁeld are involved in the LRpatterning of the
heart (Bisgrove et al., 2000). We examined the expression of lefty1 and
lefty2 in Fgf4 MO1-injected embryos. Lefty2 was strongly expressed in
the left cardiac ﬁeld of wild-type embryos (75.8%, n=33) (Figs. 5l, n).
However, it was not detected in Fgf4 MO1-injected embryos (93.3%,
n=30) (Figs. 5m, o). Lefty1 was weakly expressed in the left cardiac
ﬁeld of wild-type embryos (74.2%, n=31) (Fig. 5p). The expressionwas
not detected in Fgf4 MO1-injected embryos (86.7%, n=30) (Fig. 5q).
These results indicate that Fgf4 is also essential for the expression of
lefty1 and lefty2 that regulates LR patterning of the heart.
No apparent interaction between Fgf4 and Fgf8 signaling in LR patterning
Fgf8 signaling is required for the formation of Kupffer's vesicle
followed by the proper asymmetric development of visceral organs(Albertson and Yelick, 2005). To examine the relationship of Fgf4
signaling with Fgf8 signaling in LR patterning of visceral organs, we
examined the expression of Fgf4 in the Kupffer's vesicle region of Fgf8
knockdown embryos. We injected Fgf8 MO, which speciﬁcally
inhibited Fgf8 functions (Maroon et al., 2002), into zebraﬁsh embryos.
In our previous paper, we also conﬁrmed that Fgf8 MO speciﬁcally
inhibited Fgf8 functions (Nakayamaet al., 2008). Approximately 40%of
Fgf8 MO (4 ng)-injected embryos lacked Kupffer's vesicle (40%,
n=35); however, the expression of Fgf4 was slightly decreased in
Fgf8MO-injected embryos that lacked Kupffer's vesicle (81.3%, n=32)
(Figs. 6a, b). It remains to be elucidated whether the decrease is due to
the lack of Kupffer's vesicle by the injection of Fgf8 MO. We also
examined the expression of Fgf8 in the Kupffer's vesicle region of Fgf4
MO1-injected embryos. The expression of Fgf8 was also essentially
unchanged in Fgf4MO1-injected embryos (100%, n=30) (Figs. 6c, d).
We also injected both Fgf4 MO1 and Fgf8 MO into embryos. In
comparison with Fgf4 MO1-injected embryos, double knockdown
embryos also showed increased defects in liver and pancreas
asymmetry (normal (41.9%, n=31)); reversed (58.1%, n=31)) (Fig.
2Af), and in heart asymmetry (D-looping (30.9%, n=55); L-looping
(49.1%, n=55); no looping (20%, n=55)). In addition, we examined
whether Fgf8 mRNA or Fgf4 mRNA could rescue the defects in Fgf4
MO1-injected or Fgf8MO-injected embryos, respectively. The injection
of Fgf8mRNA (0.5 or 0.25 pg) into Fgf4MO1 (45 ng)-injected embryos
resulted in death (100%, n=40) or no signiﬁcant rescue in heart
asymmetry (D-looping (43.3%, n=30); L-looping (40%, n=30); no
looping (16.7%, n=30)), respectively (data not shown). In addition,
the injection of Fgf4 mRNA (5 or 2.5 pg) into Fgf8 MO (8 ng)-injected
embryos resulted in death (100%, n=40) or no signiﬁcant rescue (D-
looping (40%, n=30); L-looping (46.7%, n=30); no looping (13.3%,
n=30)), respectively (data not shown). Fgf8 mRNA or Fgf4 mRNA
could not signiﬁcantly rescue the defects in Fgf4MO1-injected or Fgf8
MO-injected embryos, respectively, indicating the two have non-
redundant roles in LR patterning of visceral organs.
Discussion
We generated Fgf4 knockdown embryos by injection with Fgf4
MOs. The inhibition of Fgf4 signaling resulted in randomized LR
patterning of the liver, pancreas, and heart, indicating that Fgf4 is
essential for the LR development of visceral organs. In vertebrates,
asymmetric expression of several genes, which are essential for the LR
asymmetry of visceral organs, has been identiﬁed in the LPM (Levin,
Fig. 5. Asymmetric gene expression in Fgf4 knockdown embryos. The expression of southpaw in embryos at 20 hpf was examined by whole mount in situ hybridization. The
expressionwas expanded anterior-laterally in the left LPM inwild-type embryos (a). In contrast, the expression of southpaw in Fgf4MO1-injected embryos at 20 hpf was randomized
(normal (33.3%, n=30); reverse (23.3%, n=30); bilateral (43.3%, n=30)) (b–d). Inwild-type embryos, the expression of pitx2was detected in the LPM at 20 hpf (e). In contrast, the
expression of pitx2 was randomized (normal (36.7%, n=30); reverse (23.3%, n=30), bilateral (20%, n=30); absence (20%, n=30)) (f–i). Although the expression of lefty1 was
detected in the posterior notochord of wild-type embryos at 14 hpf, it was not detected in Fgf4MO1-injected embryos (81.2%, n=32) (j, k). The expression of lefty2 and lefty1 in the
left cardiac ﬁeld was examined in embryos at 18 hpf and 20 hpf, respectively. The expression of lefty2was strongly detected in the cardiac ﬁeld of wild-type embryos (l, n). However,
the expressionwas not detected in Fgf4MO1-injected embryos (93.3%, n=30) (m, o). The expression of lefty1was weakly detected in the cardiac ﬁeld of wild-type embryos (p). The
expression was not detected in Fgf4 MO1-injected embryos (86.7%, n=30) (q). Arrows indicate positive staining. Scale bars=200 μm.
183H. Yamauchi et al. / Developmental Biology 332 (2009) 177–1852005). The expression of southpaw was randomized in Fgf4 knock-
down embryos. Lefty1 expression in the dorsal midline is required to
restrict the expression of southpaw to the left side (Meno et al., 1998;
Nakamura et al., 2006). In Fgf4 knockdown embryos, the expression of
lefty1 was absent in the posterior notochord at the early segmental
stage. These results indicate that Fgf4 is required for the expression of
lefty1 that inhibits southpaw expression in the right LPM. Lefty1 and
lefty2 expressed in the left cardiac ﬁeld are involved in the establish-
ment of LR patterning of the heart (Bisgrove et al., 2000). Fgf4 is also
essential for the expression of lefty1 and lefty2 that regulates LR
patterning of the heart. Fgf4 was predominantly expressed in the
notochord and Kupffer's vesicle at 12 hpf. LR asymmetry of the visceralorgans and heart was unchanged in embryos, which were injected
with Fgf4MO1 into the yolk at midblastula stages, indicating that Fgf4
in Kupffer's vesicle alone could not inﬂuence LR patterning. Southpaw
knockdown embryos showed randomized LR patterning of gut
looping including normal, reverse or no looping (Horne-Badovinac
et al., 2003). Although Fgf4 knockdown embryos also showed
randomized LR patterning of gut looping including normal or reverse
looping, we could not observe no looping. The difference between the
two phenotypes is interesting. However, the mechanism of the
difference remains unclear.
In vertebrates, Fgf signaling functions in LR patterning (Boettger
et al., 1999; Meyers and Martin, 1999; Fischer et al., 2002; Walshe and
Fig. 6. The expression of Fgf4 and Fgf8 in Fgf8 and Fgf4 knockdown embryos,
respectively. The expression of Fgf4 in Kupffer's vesicle and its peripheral region in
wild-type and Fgf8 MO-injected embryos was examined by whole mount in situ
hybridization. The expression of Fgf4was detected in Fgf8MO-injected embryos (81.3%,
n=32) (a, b). The expression of Fgf8 in Kupffer's vesicle and its peripheral region was
also examined. The expression of Fgf8 was also essentially unchanged in Fgf4 MO1-
injected embryos (100%, n=32) (c, d). A scale bar=200 μm.
184 H. Yamauchi et al. / Developmental Biology 332 (2009) 177–185Mason, 2003; Creuzet et al., 2004; Crump et al., 2004). Fgf8, which is
transported by nodal ﬂow, is a determinant of LR patterning in mice,
chicken and rabbits (Fischer et al., 2002; Shiratori and Hamada, 2006).
In zebraﬁsh, Fgf8 is also a determinant of LR patterning. Nodal ﬂow is
perturbed in the LPM in Fgf8 mutants, leading to aberrant LR
patterning of the liver and pancreas (Albertson and Yelick, 2005).
Kupffer's vesicle is essential for LR patterning of the visceral organs
(Liang et al., 2000; Long et al., 2003). Fgf8 is expressed in the posterior
notochord and Kupffer's vesicle. Fgf8 signaling is required for Kupffer's
vesicle to form (Albertson and Yelick, 2005). Fgf4 signaling is also
essential for LR patterning of the visceral organs. Fgf4 is also expressed
in the posterior notochord and Kupffer's vesicle. In contrast to Fgf8
signaling, Fgf4 signaling was required for the formation of cilia in
Kupffer's vesicle but not for the formation of Kupffer's vesicle. In
addition, no apparent relationship between Fgf4 and Fgf8 signaling in
LR patterning of the visceral organs was observed. These results
indicate that the role of Fgf4 in LR patterning of the visceral organs is
quite distinct from that of Fgf8, and that Fgf4 and Fgf8 function
independently in LR patterning.
Fgfs function via the activation of Fgf receptors (Fgfrs). In
vertebrates, the Fgfr gene family comprises four members, Fgfr1–
Fgfr4 (Itoh and Ornitz, 2004). Fgfr1 and Fgfr2 knockout mice die in the
early embryonic stages (Deng et al., 1997; Arman et al., 1998). In
contrast, Fgfr3 and Fgfr4 knockout mice are viable (Colvin et al., 1996;
Yu et al., 2000). These phenotypes suggest that Fgf4 functions via the
activation of Fgfr1 and/or Fgfr2. Fgfr1–Fgfr4 also have been identiﬁed
in zebraﬁsh (Tonou-Fujimori et al., 2002). We examined zebraﬁsh
embryos injected with Fgfr1MO or Fgfr2MO (Nakayama et al., 2008).
Both Fgfr1 and Fgfr2 knockdown embryos showed randomized LR
patterning of visceral organs (Yamauchi et al., unpublished observa-
tion). Therefore, it remains unclear which Fgfrs, Fgfr1 and/or Fgfr2,
are involved in the role of Fgf4 in LR patterning of visceral organs.
In conclusion, Fgf4 is essential for the expression of lefty1, which is
essential for LR patterning of the liver and pancreas, in the posterior
notochord. In addition, Fgf4 is also needed for the expression of lefty 2
and lefty1, which is essential for LR patterning of the heart, in the
cardiac region. Although Fgf8 is also vital for LR patterning of visceral
organs, the role of Fgf4 is quite distinct from that of Fgf8 and no
apparent interaction between Fgf4 and Fgf8 signaling was observed.
The present ﬁndings indicate that Fgf4 plays a unique role in the LR
patterning of visceral organs in zebraﬁsh.Acknowledgments
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